1. Introduction {#s0005}
===============

The wealth of products and methodologies for recombinant protein production and purification has increased enormously in recent years. This has contributed to the growth in the use of recombinant proteins for academic research and therapeutic and diagnostic applications as well as in industrial settings ([@bb0185], [@bb0785]). The production and purification of recombinant proteins are intimately linked. The choice of host for protein production affects not only the amplification and isolation of the protein, but also the way in which the product can be subsequently purified. The advances in genetic engineering have increased the availability of large amounts of recombinant proteins produced in host cells -- bacterial, mammalian, insect and yeast -- and where *Escherichia coli* still represents the most widely used platform ([@bb0185]).

Chromatography is a well-established platform for protein purification, as it is considered economically feasible and yields high recoveries at high purities with very few process steps ([@bb0090], [@bb0710], [@bb1015], [@bb1020]). In affinity chromatography, selectivity towards a specific target protein is introduced through the chemical functionalization of the solid support with desired affinity ligands, which can be divided into three main categories: biological, structural and synthetic ([Fig. 1](#f0005){ref-type="fig"}(A)) ([@bb0850]). Synthetic affinity ligands have been developed in an attempt to overcome disadvantages of natural and structural ligands, by combining the best of two worlds: Molecular recognition features associated with high resistance to chemical and biological degradation and high scalability as well as low production costs and low toxicity ([@bb0150], [@bb0650], [@bb0655]). These have been tailor-made for the purification of specific biomolecules as antibodies ([@bb0340], [@bb0830], [@bb0850]) although they are not regarded as universal purification adsorbents for fusion proteins, and therefore will not be widely discussed in this review.Fig. 1Examples of (A) affinity ligands and (B) peptide and protein affinity tags with their respective biological ligands employed on the purification of fusion proteins based on affinity chromatography. (A) The common affinity ligands can be (i) a biological ligand (staphylococcal protein A domain, PDB: [1DEE](pdb:1DEE){#ir0020}), (ii) a structural ligand (metal chelate such as iminodiacetic acid cheated to Ni^2 +^) and (iii) a synthetic biomimetic ligand (ligand A3C1 specific for immunoglobulins ([@bb0340]). The solid support is representing agarose beads (![](fx1.gif)). (B) The (i) peptide tag is the Strep-tag, an eight amino acid sequence, with the affinity for streptavidin protein (PDB: [1RST](pdb:1RST){#ir0025}), whilst the (ii) example of a protein used as an affinity tag is related with the staphylococcal protein G and the respective biological ligand, immunoglobulin G (PDB: [1FCC](pdb:1FCC){#ir0030}).

The diversity of proteins and their biochemical properties makes the development of universal purification and capturing strategies difficult. Most proteins of interest lack a suitable, specific and robust affinity ligand for capture on a solid matrix. Genetically encoded affinity tags are a viable and common option for the purification of recombinant proteins and also represent important tools for structural and functional proteomics initiatives. This approach requires the existence and availability of specific ligands for the capture of the fusion protein through an encoded affinity tag tail ([Fig. 2](#f0010){ref-type="fig"} ), which can be denominated as affinity "tag-ligand" pairs. Currently available affinity "tag-ligand pairs" fall within one of these categories: Protein--protein, protein--small biological ligands, peptide--protein or peptide--metal chelating ligands.Fig. 2Overview of a recombinant fusion protein purification process through the use of affinity tags fused to the target protein by conventional methods such as affinity chromatography and alternative methods based on inverse transition cycling (ITC). Both processes comprise several stages; (i) fragment DNA construction of the fusion protein, where the fragment DNA which encodes the affinity tag is fused to the nucleotide sequence of the target protein; (ii). The fusion protein is expressed in the selected host and (iii) purified by different methods. The most conventional method involves the use of affinity chromatography, where protein capture is performed through the molecular recognition between the tag and the ligand. An alternative method for the purification of fusion proteins is based on ITC, which exploits the reversible soluble--insoluble phase transition behaviour of the affinity tags and the desired fusion protein yield can be achieved with *n* ITC rounds. Afterwards, in both methods, the tag can be removed leading to a pure target protein.

Affinity tags display different size ranges from a single amino acid to entire proteins, and can be genetically fused to the N- or C-terminal of the target biomolecule ([@bb0020], [@bb0370], [@bb1035], [@bb1090]). Apart from facilitating the purification process, affinity tags can also enhance protein solubility and stability, increase expression levels ([@bb0405], [@bb1010]) and allow labelling for cellular localization and imaging studies ([@bb0675]). An overview of the main advantages and disadvantages associated with different affinity tags has been already thoroughly discussed in the literature ([@bb0020], [@bb0360], [@bb0370], [@bb0405], [@bb0675], [@bb0950], [@bb1010], [@bb1035], [@bb1090]). In general, shorter affinity tags (peptides) are more attractive as they are less likely to interfere with the expression, structure and function of the target protein, and their removal can be exempt, decreasing thus the overall costs of the purification process ([@bb0360], [@bb0370], [@bb0950]).

This review is a comprehensive overview of the well-implemented "tag-ligand" pairs used for the purification of recombinant fusion proteins with a detailed discussion of the lesser known tags with unconventional properties currently under development.

2. Purification of recombinant fusion proteins by "tag-ligand" strategies {#s0010}
=========================================================================

2.1. Biological ligands as binding partners of affinity tags {#s0015}
------------------------------------------------------------

Biological ligands comprise biomolecules obtained from natural sources and from *in vitro* selection techniques. These are usually associated with high selectivity and affinity for the target, but also with high costs of production and purification, poor stabilization under SIP (sterilization-in-place) and CIP (cleaning-in-place) conditions, and potential leakage and end-product contamination ([@bb0150], [@bb0650], [@bb0840]). Examples of common biological affinity ligands include immunoglobulins against a target protein (antigen), bacterial immunoglobulin-binding domains such as Staphylococcal proteins A, G and L ([@bb0045], [@bb0200], [@bb0275], [@bb0600], [@bb0735]), and natural lectins targeting glycoproteins ([@bb1005]). Novel biological affinity ligands can be obtained through *in vitro* selection techniques such as phage, ribosome or yeast display ([@bb0910]), with phage display being very popular for these purposes.

A general overview of the biological ligands and respective tags employed in the purification of tagged recombinant proteins is given in [Table 1](#t0005){ref-type="table"} and [Fig. 1](#f0005){ref-type="fig"}(B). Biological ligands include peptides, proteins and carbohydrates.Table 1Overview of biological ligands employed as binding partners of affinity tags. The "Target protein" is a representative case and the reference listed is for the example target protein.Biological ligandTagTag sizeTag sequenceElution conditionYield^1^ (%)Purity^2^ (%)Representative Target ProteinApplicationReferencePeptides and ProteinsGlutathioneGST26 kDa--20 mM reduced glutathione10080DNA topoisomerase type IIPurification and solubility[@bb0890]CalmodulinCBP26 aaKRRWKKNFIAVSAANRFKKISSSGAL2 mM EDTAn.a.HighNicotinamide nucleotide transhydrogenasePurification[@bb0210]S protein\
(S-fragment RNAse A)S-tag15 aaKETAAAKFERGHMDSProteolytic cleavageFairHighRecombinant human\
interleukin-29Purification[@bb0545]StreptavidinStrep-tag9 aaSAWRHPQFGG1 mM iminobiotinn.a.HighFv fragmentDetection and purification[@bb0870]Nano tag9--15 aaDVEAWLGAR2 mM [d]{.smallcaps}-biotin9071Bovine heart fatty acid-binding protein (FABP)[@bb0520]SBP38 aaMDEKTTGWRGGHVVEGLAGELEQLRARLEHHPQGQREP2 mM biotinHighHighMaltose-binding protein[@bb0475]Strep-Tactin\
(modified streptavidin)Strep tag II8 aaWSHPQFEK2.5 mM [d]{.smallcaps}-desthiobiotinn.a99Human tissue transglutaminase[@bb0875]NeutraAvidinAviD-tag6 aaDRATPY500 μM biotinHighHighGreen fluorescent protein (GFP)[@bb0285]IgGProtein A (SpA)14--31 kDa--Glycine-HCl pH 395Highβ-galactosidasePurification[@bb0745]Z domain7 kDa--0.3 M acetic acid, pH 3.1HighHighKlenow fragment of DNA polymerase I[@bb0755]IgG/HASProtein G (SpG)28 kDa--85 ºC 10 minute incubationn.a.90DNA polymerase[@bb0315]Monoclonal antibody M1, M2FLAG8 aaDYKDDDDK150 mM glycine-HCl pH 3.56095Metal response element binding transcription factor-1 (MTF-1)Detection and purification[@bb0410]Monoclonal antibody 9E10c-myc10 aaEQKLISEEDLWestern blot (detection)----Tobacco etch virus (TEV) protease[@bb0295]Anti-T7 monoclonal antibodyT7 tag11 aaMASMTGGQQMG0.1 M citric acid, pH 2.2, 5 mM glycerophosphate,5 mM KFHighn.aSR protein[@bb0095]Monoclonal antibody 12 CA5HA tag9 aaYPYDVPDYA0.85 M KCln.a.HighTranscription factor IID[@bb0085]Polyol responsive monoclonal antibodiesSoftag 113 aaSLAELLNAGLGGS0.7 M NaCl and 30% propylene glycoln.aHighGFPDetection and purification[@bb0955], [@bb0965]Softag 214 aaPTSPSYSPTSPSYS0.5 M ammonium sulphate and 30% ethylene glycoln.a.HighRNA polymerase II[@bb0960]Softag 38 aaTKDPSRVG75 M ammonium sulphate and 40% propylene glycoln.an.aGFP[@bb0195]CarbohydratesCross-linked amyloseMBP42 kDa--10 mM Maltose10075Tyrosine hydroxylasePurification and solubility[@bb0385]CelluloseCellulose binding protein100 kDa--Pure water80HighRed fluorescent proteinPurification[@bb1025]ChitinChitin binding\
domain5 kDa--Thiol induced self-cleavagen.a.99Phosphite DehydrogenasePurification[@bb0320]StarchStarch binding domain133 aa--10 mM glycine-NaOH pH 118690Enhanced GFPPurification[@bb0585][^1]

### 2.1.1. Immunoglobulin-based ligands and respective tags {#s0020}

Immunoglobulin-based adsorbents for affinity chromatography are usually very selective for the target proteins but the costs associated tend to be high. Also, as the interaction between ligand and tag is often strong, elution traditionally involves drastic conditions, typically extremes of pH.

The first affinity "tag-ligand" pair was based on the intrinsic selectivity and affinity between the bacterial immunoglobulin-binding domain Staphylococcal protein A (SpA) and the Fc region of mammalian IgG ([@bb0740]). As an example, alkaline phosphatase was fused to SpA and its purification was performed in a single step using an IgG adsorbent, with elution at acidic pH ([@bb0745]). It is known that SpA presents five homologous domains (E, D, A, B and C) and that IgG binds preferentially to the B domain ([@bb0740]). This domain was mutated to improve its resistance towards tag removal by chemical methods and denominated as the Z domain ([@bb0750]). The bacterial immunoglobulin-binding domain staphylococcal protein G (SpG) has been also studied as a fusion partner due to its bifunctional behaviour -- SpG is composed of different domains (A, B, C and D) with affinity for both IgG and human serum albumin (HSA) ([@bb0010], [@bb0765]) -- allowing the purification of SpG tagged proteins through HSA and IgG affinity chromatography ([@bb0010], [@bb0370], [@bb0760], [@bb0765]).

Other affinity tags recognizing immunoglobulin-based adsorbents include the peptide epitopes FLAG, c-myc, T7, hemagglutinin antigen (HA) and Softags ([@bb0370], [@bb1090]). The c-myc is a product of a proto-oncogene whose epitope presents high affinity for the monoclonal antibody 9E10 ([@bb0225]). This affinity pair has been mostly used as a tool for the detection of recombinant proteins through immunoblotting assays rather than for purification processes ([@bb0225], [@bb0495], [@bb0950]). The same is observed for the affinity tags T7 and HA ([@bb1010], [@bb1090]). The T7-tag is a leader peptide of phage T7 with eleven amino acids with affinity for the anti-T7 monoclonal antibody ([@bb0425], [@bb0940]), and the HA tag is a peptide epitope of the influenza virus hemagglutinin ([@bb1065]) recognized by the monoclonal antibody 12 CA5 ([@bb0240], [@bb0260]).

The FLAG tag technology is quite popular for purification purposes, and has been successfully employed on the purification of several recombinant proteins such as immunoglobulins, cytokines and gene-regulatory proteins. The FLAG tag is a hydrophilic peptide with the sequence DYKDDDDK possessing high affinity for the monoclonal antibodies M1 and M2 ([@bb0215]). As the binding between the FLAG tag and M1 adsorbents is calcium dependent, the elution of bound tagged protein can be carried out under mild conditions in the presence of metal chelators such as ethylenediaminetetraacetic acid (EDTA) and ethylene glycol tetraacetic acid (EGTA), at the expense of risking calcium co-elution. On the contrary, elution from M2 resins usually requires a decrease in pH, which in some cases can be detrimental for the protein of interest ([@bb0015], [@bb0815]). An attractive feature of FLAG tag technology is the possibility of simultaneous purification and removal as enterokinase recognizes the DDDDK sequence ([@bb0215], [@bb0400]). Lately, two additional FLAG sequences were added in tandem to the original FLAG tag, the triple FLAG tag (3 × FLAG), which showed an increased detection limit of the target protein, favoured binding to the M2 antibody, and the possibility to recover the protein by competitive elution with 3 × FLAG peptide ([@bb0380]). The 3 × FLAG technology has been employed in the purification of a bioactive metabolite ([@bb0990]) and full-length human huntingtin ([@bb0555]).

The epitope tags referred to as Softags are recognized by polyol-responsive monoclonal antibodies (PR-mAb). Proteins tagged with Softags can be eluted under mild conditions employing low molecular weight polyols as competing agents ([@bb0075], [@bb0195]). This gentle elution protocol, when compared to other immunoaffinity chromatography methods, contributes to the maintenance of the biological activity and structural integrity of the eluted target protein ([@bb0970]). There are three Softags. Softag 1 is a thirteen amino acid sequence near the C-terminal of the β′ subunit of *E. coli* RNA polymerase which can be recognized by the PR-mAb NT73 ([@bb0955], [@bb0965]). This epitope tag is not conserved in all bacterial species. Other PR-mAb\'s such as 8RB13 were used for the purification of *Shewanella oneidensis* core RNA polymerase with high yield and purity ([@bb0820]). Softag 2 is a heptapeptide repeat found on the C-terminal of eukaryotic RNA polymerase II, which is a highly conserved domain from all almost species and presents strong reactivity for PR-mAb8WG16 ([@bb0205], [@bb0970]); Softag 3 is an epitope tag with an eight amino-acid sequence located near the N-terminal of human transcription factor IIB, and interacts with PR-mAb IIB8, an antibody mapped by phage display and site-directed mutagenesis ([@bb0195]).

### 2.1.2. Streptavidin-based ligands and respective tags {#s0025}

Another important group of biological affinity ligands includes streptavidin. Here, the tag-ligand system is based on the selective natural binding pair avidin--biotin with a dissociation constant of 10^− 15^  M ([@bb0030]). The first reported tag with affinity for streptavidin was Strep-tag, a nine amino acid peptide selected from a random peptide library ([@bb0870]), generally fused to the C-terminal of the target protein. According to structural studies, this affinity tag binds to the same pocket as biotin ([@bb0865]). The main advantages of Strep-tag are related to the resistance to proteolysis *in vivo*, the lack of interference with expression in *E. coli* and the mild elution conditions employed which include competitive elution with a biotin or analogue compound such as iminobiotin ([@bb0870]). However, a limitation of the Strep-tag system is the restriction to C-terminal fusion, and an improved version was developed and termed Strep-tag II with an equilibrium dissociation constant of 37 × 10^− 6^  M ([@bb0865]). Another engineered streptavidin chromatographic support (Strep-Tactin) was developed for improved binding capacity towards Strep-tag II. This new version of streptavidin was generated from random mutagenesis on the amino acids 44--47 located at the flexible loop region near the binding site ([@bb0500]). Although the affinity pair Strep-tag II---Strep-Tactin has been extensively used, affinity tags with higher affinity for streptavidin matrices were still investigated: The streptavidin-binding peptide (SPB) tag comprising a 38 amino acid sequence with an equilibrium dissociation constant of 2.5 × 10^− 9^  M was selected from a peptide library screened against immobilized streptavidin ([@bb0475]); A Nano-tag combines the small size of Strep-tag II and presents a nanomolar dissociation constant of 4 × 10^− 9^  M for binding to streptavidin ([@bb0520]). The latter is a 15 amino acid peptide selected from a synthetic library based on the heart fatty-acid binding protein by ribosome display ([@bb0515]). The AviD-tag is another affinity tag based on the Strep-tag that displays affinity for neutrAvidin, a neutral form of avidin ([@bb0285]). The AviD-tag is composed by a 6-amino acid cyclic peptide selected through phage display with a dissociation constant of 12 × 10^− 6^  M for both neutrAvidin and avidin ([@bb0285]).

### 2.1.3. Other examples of protein/peptide affinity systems {#s0030}

Calmodulin is a small (17 kDa) and stable peptide employed as an affinity ligand on the purification of calmodulin binding peptide (CBP) fusion proteins. CBP is a 26 amino acid sequence derived from the carboxyl-terminal of rabbit skeletal muscle myosin light chain kinase, displaying a dissociation constant of 10^− 9^  M for calmodulin ([@bb0695], [@bb0930], [@bb0995]). CBP has been fused at the N-terminus of a wide range of recombinant proteins that were further produced at high levels of expression. The size and stability of calmodulin ligands allow the production of calmodulin affinity resins at affordable prices. In addition, as the interaction between calmodulin and CBP is calcium dependent, protein elution can be carried out under mild conditions with calcium chelating agents such as EDTA and EGTA ([@bb0695], [@bb0930], [@bb0995]).

Another example includes the S peptide tag and S-protein derived from the enzymatic cleavage of ribonuclease A by the protease subtilisin ([@bb0460]). The S-peptide, a fifteen amino acid sequence, is used as an affinity tag recognized by the S-protein immobilized on the resin. The major advantages are related to the small size of the affinity tag and the nanomolar dissociation affinity constant of the affinity pair ([@bb0490]).

Glutathione-S-transferase (GST) is a monomeric protein (26 kDa) originating from *Schistosoma japonicum* which belongs to a family of enzymes that catalyse the reaction between a nucleophile, reduced glutathione, and electrophilic compounds ([@bb0065], [@bb0900]). Glutathione acts as the ligand and the complementary GST tag acts both as a purification anchoring point and as a solubility/stability enhancer, which justifies the popularity of this affinity pair system ([@bb0265], [@bb0895]). In addition, GST resins are cost effective and the elution conditions are mild as reduced glutathione can be employed as a competitive agent ([@bb0900]). However, if reducing conditions are not guaranteed, the fusion protein can undergo oxidative aggregation due to the existence of four cysteine residues exposed at the surface of GST tag ([@bb0450]). Furthermore, fusion proteins with higher molecular weights than 100 kDa can lead to partially or completely insoluble proteins ([@bb0265]).

### 2.1.4. Carbohydrates as biological ligands for tagged proteins {#s0035}

Biological ligands based on carbohydrates include cross-linked amylose, cellulose, and chitin, among others. The greatest advantages of these affinity ligands are that carbohydrates display high affinity for their respective tags, the affinity matrices are inexpensive and are prepared in a simple manner, which contributes to the ease of process scale-up. In addition, polysaccharides represent extremely interesting adsorbents for affinity based purification as they tend to be non-toxic, inert and stable ([@bb0505], [@bb0660], [@bb0975]).

The maltose-binding protein (MBP) is a 42 kDa periplasmic protein engaged in the transport of maltose and maltodextrins across the bacterial cytoplasmic membrane ([@bb0480], [@bb0730]). Fusion proteins containing the MPB tag fused on the N-terminus can be purified in one-single step using a cross-linked amylose affinity resin ([@bb0325]). The MBP tag presents high affinity towards amylose, a maltose analogue, with a similar dissociation constant (10^− 6^  M) which is often employed as the competitive elution agent ([@bb0480], [@bb0705]). This presents one of the greatest advantages of this affinity pair because the elution of the target fusion protein can be carried out under mild conditions with 10 mM of maltose ([@bb0325]). In addition, the MBP tag is an extremely efficient solubilizing agent when compared to GST and thioredoxin (Trx) ([@bb0455]), and does not contain cysteine residues and thus does not interfere with disulfide bonds of the target protein ([@bb0325], [@bb1035]).

The cellulose and chitin binding proteins present high affinity for the polysaccharides, cellulose, and chitin respectively, which act as affinity ligands for purification purposes. Cellulose binding proteins can be found in a wide range of carbohydrolases, displaying dissociation constants in the low micromolar range for cellulosic supports, and varying in size from small (33--36 amino acids) to large domains with more than 180 amino acids ([@bb0975]). For the particular application of fusion protein expression and purification, smaller domains are preferred. Cellulosic supports are commercially available in a wide range of geometries including fibres, beads, membranes and hydrogels, with a diverse range of porosities and functionalities. Chitin binding domains present high affinity for chitin, the second most abundant polymer after cellulose, and are part of the enzymes involved in the biodegradation of chitin and chitosan ([@bb0505]). Starch binding domains have also been explored as affinity tags. These domains were fused to the N-terminal of β-galactosidase which was then purified by using starch granules ([@bb0660]).

2.2. Structural ligands as binding partners of affinity tags {#s0040}
------------------------------------------------------------

Structural ligands are produced at affordable prices with relatively facile chemistries, and possess high resistance to harsh conditions. These ligands comprise ion-exchange ([@bb0310], [@bb0375], [@bb0365]), hydrophobic ([@bb0165]), metal chelate ([@bb0110]), thiophilic ([@bb0795], [@bb0840], [@bb0845]), boronate ([@bb0055], [@bb0060], [@bb0620], [@bb0625], [@bb0630]), and mixed-mode affinity ligands ([@bb0070], [@bb0080], [@bb0680], [@bb1085], [@bb1105]). Multimodal affinity chromatography relies on multiple forms of interactions and the respective mixed-mode affinity ligands usually combine a hydrophobic moiety with ionic and hydrophilic groups ([@bb1105]). However, their limited selectivity and low affinity for specific targets usually necessitates the design of multi-step purification schemes.

Structural affinity ligands, mainly cation and anion-exchange, metal chelate and hydrophobic ligands are extremely popular as binding partners of affinity tags and are widely employed for the affinity purification of fusion proteins ([Table 2](#t0010){ref-type="table"} ).Table 2Overview of the structural ligands involved as binding partners of affinity tags. The "Target protein" is a representative case and the reference listed is for the example target protein.Structural ligandsTagTag sizeTag sequenceElution conditionYield^1^ (%)Purity^2^ (%)Representative target proteinApplicationReferenceMetal chelateNi^2 +^-NTA/Ni^2 +^-IDAHistidine residues (His tag)6 aaHHHHHH100 mM imidazole9594Retroviral zinc finger motifPurification[@bb1000]Co^2 +^-CMAHAT18 aaKDHLIVHLEEHAHAHNK150 mM imidazole9495Chloramphenicol acetyltransferase[@bb0100]Ni^2 +^-TACNPeptide phage display library7 aaHHHNSWD250 mM imidazolen.a.n.a.GFP[@bb0715]Ion exchange (IEX)Cation-exchangeArginine residues5--15 aaRRRRRRRR1 M NaCln.a.n.a.RNase APurification and refolding[@bb0270]Z ~basic~7 kDa--300 mM NaCl.n.a.HighProtease 3C[@bb0365]Anion-exchangeAspartic acid residues5--16 aaDDDDD1 M NaCl70Highβ-glucuronidasePurification[@bb1100]Glutamic acid residues1--8 aaEEEEEE600 mM NaCl47n.a.Viral coat proteinPurification[@bb0935]Z ~acidic~7 kDa--Linear gradient 0.15--1 M NaCln.a.90GFPPurification[@bb0375]Multipurpose---IEX, IMAC and HICNi^2 +^-NTA (IMAC)\
Phenyl agarose (HIC)Multifunctional tag6 aaHYDHYDDepending on the structural based ligandn.a.n.a.Human haemoglobinPurification[@bb0035]CovalentChloroalkane linkerHalo tag34 kDa--TEV protease cleavage80--90n.a.Coactivator-associated arginine methyl transferase (CARM1)Purification[@bb0140][^2]

### 2.2.1. Metal chelators as affinity ligands for His-tagged proteins {#s0045}

The most implemented structural ligands are metal chelates complementary to the His-tag (6 × His). Purification of the fusion protein is performed by immobilized metal affinity chromatography (IMAC) which has been comprehensively reviewed in the literature ([@bb0050], [@bb0110], [@bb0115], [@bb0280], [@bb0800]). The concept of IMAC was developed by Porath and co-workers in 1975, through the exploitation of the affinity between proteins and heavy metal ions (Zn^2 +^, Cu^2 +^, Ni^2 +^), in particularly zinc and copper metal which strongly adsorb polypeptides containing histidine and cysteine residues in aqueous solutions ([@bb0805]). Based on this principle, the same authors coupled iminodiacetic acid (IDA) on to agarose to bind metal ions and further chelate proteins through histidine and cysteine residues ([@bb0810]). Later, nitrilotriacetic acid (NTA), another highly stable quadridentate chelating adsorbent, was found to bind strongly to Ni^2 +^ and Cu^2 +^ and to further chelate adjacent histidine residues ([@bb0395]). NTA technology was then reported for the production and purification of a recombinant protein. The hexapeptide 6 × His was genetically fused to the N-terminal of mouse dihydrofolate reductase protein, produced in *E. coli* and then purified by IMAC using a Ni^2 +^-NTA adsorbent. Subsequently, protein elution was attempted by pH gradient (pH 8--5) in the presence of denaturing agents (*e.g.* guanidine-HCl), and the tag was further removed by carboxypeptidase A cleavage ([@bb0395]). However, the major drawback of this pioneer purification study was the employment of denaturing conditions, which triggered the improvement of the procedure by conducting binding under native conditions and elution with low concentrations of a competitor imidazole or EDTA ([@bb0415], [@bb1050]).

The compatibility of His-tag with denaturing agents can be a benefit for recombinant proteins produced as inclusion bodies, as they require steps of solubilization with chaotropic agents prior to binding to the column ([@bb0395]). The main disadvantage of IMAC adsorbents is the metal leaching that contributes to end-product contamination and additional steps of purification with increased costs. In addition, IMAC adsorbents can bind to native histidine patches in proteins or to other amino acids (glutamic and aspartic acid, tyrosine, cysteine, arginine, and methionine) resulting in low selectivity. Other disadvantages are related to evidence that the imidazoyl side chain groups of histidine can interfere with protein expression and folding and also mask the biological activity of the protein ([@bb0360]). Nonetheless, the universe of applications for the IMAC/His-tag system is widely used for protein purification and is extended to matrix-assisted refolding ([@bb0175]), detection and immobilization, protein microarrays ([@bb0465], [@bb1045], [@bb1060]), and to the development of other affinity tag technologies.

The HAT tag is one of these examples and comprises a polyhistidine peptide sequence that can be fused on either ends of the target protein. The purification can be carried out under the same conditions as for His-tag; however, the adsorbent used is based on carboxymethylaspartate (CMA) complexed with Co^2 +^ with a very high capacity ([@bb0100]). Novel metal chelating agents based on 1,4,7-triazacyclononane (TACN) complexed with Ni^2 +^ were developed in an attempt to overcome the limitations of conventional IMAC matrices such as leaching, and lack of stability and selectivity ([@bb0715]). The respective affinity tags correspond to random heptapeptide sequences displaying multiple histidine, tryptophan, and/or tyrosine residues selected from a phage display library ([@bb0715]). The selected peptide tag (HHHNSWD) was fused to the N-terminal of green fluorescent protein (GFP), produced in *E. coli* and then purified under physiological conditions with high salt concentrations. Recovery was executed with imidazole due to the presence of three histidine residues ([@bb0715]).

### 2.2.2. Ion-exchange adsorbents for tagged protein purification {#s0050}

Ion-exchange chromatographic resins present affinity for several tags comprising of charged amino acids through the establishment of electrostatic interactions with opposite charges. The polyarginine-tag (polyArg) is such an example and consists of six arginine residues with high retention on cationic exchange resins. A great advantage of using cation-exchange chromatography for the purification of recombinant proteins produced in *E. coli* is that most host proteins are neutral or acidic, which can contribute to the reduction of non-specific interactions at physiological and alkaline pH values ([@bb0310], [@bb0360]). The first reported example was the production and two-step purification of human urogastrone fused to the polyArg tail. The tagged protein eluted under a NaCl linear gradient at alkaline pH, with 44% yield and purity higher than 95% ([@bb0860]). The polyArg-tag has also been successfully employed for on-column refolding studies of tagged proteins produced as inclusion bodies ([@bb0510], [@bb0925]). However, the polyArg-tag/cation-exchange resins affinity pair shows low selectivity and the tag promotes aggregation of the protein due to charge--charge interactions ([@bb0370]). Poly-anionic affinity tails from one to eight glutamic residues were used for the anion-exchange chromatography based purification of functional human growth hormone ([@bb0170]) and virus-like particles ([@bb0935]) produced in *E. coli*. Negatively charged affinity tags based on aspartate residues also yielded stable fusion proteins with unaltered activity ([@bb1100]).

The Z domain, a variant of the B domain of SpA, has been also engineered to create a highly charged Z domain -- Z~basic~ -- through the introduction of charged residues at specific positions, which allowed the interaction with negatively charged matrices under physiological conditions ([@bb0310], [@bb0365]). The Z domain proved to be an excellent protein scaffold for engineering as it is soluble, does not display disulfide bonds and presents reversible folding after exposure to chaotropic agents ([@bb0365]). Due to its excellent properties, the Z~basic~ was explored for matrix assisted refolding of fusion proteins solubilised with chaotropic agents after being produced as inclusion bodies. The Z domain was also on the basis of Z~acidic~, engineered to be negatively charged and therefore to be purified by anion-exchange chromatography ([@bb0375]).

### 2.2.3. Covalent affinity chromatography {#s0055}

The vast majority of the affinity "tag-ligand" pairs exploit the reversible binding interaction between a tag and its respective ligand. Recently, a novel pair based on the covalent linkage between a tag and a synthetic ligand has been developed. This novel system is composed by the Halo-tag and a chloroalkane linker. The Halo-tag was rationally designed based on a bacterial haloalkane dehalogenase (DhaA) derived from a *Rhodococcus spp.* to bind covalently to synthetic ligands with a chloroalkane linker. Halotag7 appeared as an improved version of Halotag created to enhance protein expression, solubility and structural compatibility but with the same ability to bind covalently and irreversible to a chloroalkane linker ([@bb0775]). The covalent bond formed between the Halo-tags and the linker is highly specific, irreversible, stable and occurs rapidly under physiological conditions, which facilitates the attachment to a variety of molecules or solid surfaces containing diverse functional groups ([@bb0640], [@bb0645], [@bb0775]). These properties were therefore explored in protein labelling technology for cell imaging and protein analysis ([@bb0645]), immobilization ([@bb0945]) and purification of recombinant proteins ([@bb0140], [@bb0780]). However, the formation of covalent bonds between the tag and the ligands makes the re-use of the solid support difficult, which is particularly problematic in protein purification.

3. Tags with versatile and unconventional properties and respective purification approaches {#s0060}
===========================================================================================

The affinity tags described so far were developed to be the anchoring point for purification by affinity chromatography where the existence of a complementary affinity ligand, immobilized in a separation matrix, is required. However, tags alone can be auto-sufficient for enhanced fusion protein solubility and purification. This section will describe tags with versatile and unconventional properties that can be combined with alternative purification protocols.

3.1. Solubility enhancers {#s0065}
-------------------------

The production of recombinant proteins in bacterial hosts can lead to the formation of protein aggregates with unfolded or partially folded structures ([@bb0185], [@bb0525]), termed inclusion bodies (IBs) ([@bb0290]). When these proteins are fused to solubility tags, solubility is improved during protein expression, although the mechanism is not fully understood ([@bb1010], [@bb1035], [@bb1090]). Thioredoxin A (TrxA) ([@bb0470]), small ubiquitin-related modifier (SUMO) ([@bb0550], [@bb0685]), and N-utilization substance A (NusA) ([@bb0335], [@bb0615]) are examples of widely employed tags with the purpose of increasing the solubility of the fusion partner rather than acting as a handle for further purification. As a consequence, a purification tag must be also added to the fusion partner to facilitate purification through affinity chromatography. The TrxA is a small (12 kDa) oxido-reductase protein with intrinsic thermal stability, solubility and robust folding properties that when fused to a target protein contributes to high yields of soluble protein ([@bb0530], [@bb0535]). The SUMO protein (11 kDa) is involved in post-translational modification in eukaryotic cells, enhances solubility and stability of the binding partner when fused to the N-terminal ([@bb0685]), and allows simultaneous cleavage as it is recognized by the SUMO protease (*Saccharomyces cerevisiae* Ulp1) at the conserved dipeptide glycine--glycine ([@bb0550]). However, when used in eukaryotic hosts, the affinity tag can be cleaved due to the presence of SUMO proteases *in vivo* ([@bb0535], [@bb0670]). The NusA is a 55 kDa transcription elongation and anti-termination factor, also known to increase the solubility of fusion proteins, however due to their large size can contribute to a high metabolic burn for the host cell ([@bb0345]).

3.2. Versatile fusion partners {#s0070}
------------------------------

In order to combine several functionalities, a multipurpose peptide tag with the sequence HYDHYD which comprises a bi-repetition of the tripeptide constituted by a histidine, tyrosine and aspartate residues was developed ([@bb0035]). This peptide can be fused to the N- or C-terminal of the target protein enabling the purification by a combination of several techniques including IMAC, IEX, aqueous two phase system (ATPS) and hydrophobic interaction chromatography (HIC). This versatile and multifunctional affinity tag was employed for the purification of GFP, lactate dehydrogenase and human haemoglobin ([@bb0035]).

Novel dual-tagging methods have been also developed and the concept of tandem affinity chromatography (TAP) has emerged as a generic platform for complex protein purification combined with mass spectrometry, for the isolation, identification and characterization of protein partners in multi-protein complexes ([@bb0330], [@bb0825]).

The original C-terminal TAP tag was developed by Puig et al by using *S. cerevisiae* hosts and consists of two IgG binding domains of SpA and a CBP, separated by a tobacco etch virus (TEV) protease cleavage site. The N-terminal version was also developed, being an inverse version of C-terminal ([@bb0825]). The main advantage related to this strategy is the highly efficient recovery of target protein ([@bb0330], [@bb0825], [@bb1080]). Nowadays, the TAP strategy is successfully employed in protein--protein interaction studies in prokaryotic and eukaryotic cells ([@bb0005], [@bb0330], [@bb0665], [@bb0720], [@bb1080]).

A wide variety of affinity TAP tags emerged recently by using different combinations or repetitions of single affinity tags, the most commonly used being SpA, CBP, His tag, HA, FLAG, SBP and Strep-tag II ([@bb0560]). Examples of combinations of affinity tags comprise a tandem histidine and FLAG epitope tag for the purification of a *Candida albicans* septin complex, a complex of cytoskeletal proteins ([@bb0440]). In addition, combinations of S-tag and Strep-tag II separated by HRV 3C protease cleavage were used for the isolation of protein complexes such as immune cell proteins, adhesion and degranulation promoting adapters (ADAP) ([@bb0540]). Other examples enclose combinations of streptavidin-binding peptide (SBP) and calmodulin-binding peptide as TAP tag to isolate and identify proteins directly from Parkin (ubiquitin-protein ligase (E3)), a protein involved in Parkinson\'s disease ([@bb0180]). A novel TAP tag has also been developed, SF tag, and consists of a combination between a doublet Strep-tag II and a FLAG tag. This TAP tag can offer several advantages over the others such as the four fold size reduction (4.6 kDa) with better purity and recovery yields. The main applications of this are related to isolation of protein complexes from eukaryotic cells ([@bb0300], [@bb0305]). More recently, a novel N-terminal TAP tag denominated as CHiC tag was constructed based on a combination between His-tag and a choline binding domain followed by a cleavage site specific for TEV protease with applications on protein purification ([@bb0920]).

Although TAP strategies can be useful for proteomics research, there is still a demand for new strategies as classical TAP tags were found to interfere with protein biological function, structure and complexes. Moreover, the identification of interactions occurring for short periods or in specific physiological states is still limited ([@bb1080]).

3.3. Affinity tags for the purification of membrane proteins {#s0075}
------------------------------------------------------------

Membrane proteins are embedded in the lipid layer on cell surfaces, playing an important role on several basic cell functions (*e.g.* signal transduction, cell--cell communication). These proteins are highly relevant for structural and functional studies, however their production and purification strategies are still a challenge. This is related to the fact that membrane proteins are produced with low yield in common hosts (*e.g.* mammalian and insect cells) ([@bb0580], [@bb0915]). Due to their hydrophobic character, membrane proteins have the propensity to fold incorrectly and aggregate ([@bb0580], [@bb0915]). Moreover, the fact that these proteins are within the lipid layer obliges the use of detergents to enhance their solubilization in aqueous systems, which influences the purification step due to detergent interference in ion-exchange and hydrophobic chromatography ([@bb0580], [@bb0915]). Tagging systems have been studied to overcome the reported limitations. Affinity tags are usually placed at the C-terminal to minimise interference with the membrane targeting process ([@bb0580]). Examples include a combination between the Sumo technology and His-tag for the purification of severe acute respiratory syndrome coronavirus membrane protein (SARS-CoV). This strategy addresses solutions for the improvement of expression yields in bacterial hosts by using a solubility enhancer tag; the His-tag allows the purification of target membrane proteins through the IMAC technique with a high tolerance for the presence of detergents ([@bb1110]).

3.4. Unconventional fusion partners {#s0080}
-----------------------------------

Non-chromatographic methods emerged as alternatives of conventional chromatography and comprise simple and inexpensive density-based separation or mechanical gravity methods ([@bb1055]). Unconventional fusion partners facilitate the use of non-chromatographic methods---these include hydrophobic tags ([@bb0230]), oleosin based tags ([@bb0040], [@bb1055]) and protein body forming peptides such as elastin-like polypeptides (ELPS), ZERA or endogenous hydrophobin ([@bb0160], [@bb0485]).

### 3.4.1. Hydrophobic tags {#s0085}

Examples of hydrophobic tags for recombinant protein purification include tags based on tryptophan and tyrosine, exploited for aqueous two phase separation (ATPS) ([@bb0230]), and tags based on repetitions of the dipeptide tryptophan--proline (WP)~n~ ([@bb0570]). It has been reported that as the length of the tag increases, a negative effect on cellular growth, stability of the plasmids, secretion efficiency of the target protein and a decrease of recovery yield on purification stage are observed ([@bb0570]). According to Collén *et al*, during protein expression, fully exposed hydrophobic tags can reduce target protein solubility, compromising the secretion pathway and leading to the formation of insoluble protein aggregates ([@bb0155]) and the chance that the target protein will be membrane-associated increases ([@bb0230]). Additionally, it was found that tags with higher tryptophan content in the peptide (n = 6) are more prone to proteolytic cleavage when produced in *E. coli* and fungi hosts ([@bb0155]). Therefore, different combinations comprising tyrosine and proline (YP)~n~ have been exploited, as tyrosine presents a less hydrophobic character than tryptophan. Fexby et al have developed a peptide tag with three tyrosine and proline residues fused to GFP which increased protein expression and protein recovery yield by ATPS based purification. The main advantages of using hydrophobic tags with APTS systems rather than with affinity chromatography based methods rely on the combination of rapid separation and high capacity with inexpensive costs ([@bb0235]).

### 3.4.2. Oil bodies {#s0090}

An alternative affinity system to enable purification of tagged recombinant proteins relies on the interaction between oil bodies (OBs) and oleosin fusion proteins. OBs are spherical structures that contain a triacylglycerol (TAG) matrix surrounded by a phospholipid mono-layer and several proteins, mainly oleosins, caleosins and steroleosins ([@bb0040], [@bb0690], [@bb0790], [@bb0835]). Oleosin, the main structural protein of the oil bodies\'s membrane, acts as an affinity tag. Oleosin fusion proteins have been produced in plants, which also presents several advantages over bacterial hosts such as simple handling, cost-effectiveness and easy scalability, as well as effective polypeptide folding ([@bb0040]). However the main disadvantages of this host are related to regulatory demands and production time ([@bb1055]). Oleosin fusion proteins are targeted to naturally occurring OBs in the seed, and purified by several washing/centrifugation steps, as the OBs along with oleosin fusion protein are easily separated by floating ([@bb0040], [@bb0835]). Examples of proteins purifed by this technology include recombinant human insulin, revealing a high protein recovery ([@bb0770]). Apart from naturally occurring oil bodies, artificial oil bodies were also successfully employed for the purification of oleosin fusion proteins expressed as insoluble aggregates in *E. coli*. In these cases, artificial oil bodies were reconstituted by assembling triacylglycerol (TAG) phospholipid and the insoluble recombinant protein. The recombinant fusion protein can be incorporated at the phospholipid monolayer of artificial oil bodies (AOB) through oleosin whilst the target protein is exposed at the AOB surface, where the target insoluble protein undergoes spontaneous refolding. Afterwards, the fusion protein on the surface of AOB can be easily purified by a flotation centrifugation step. The tag can be then cleaved by enzymatic methods or it can be used whilst still fused with oleosin for further applications ([@bb0040]). This non-chromatographic strategy based on AOB was employed for the purification of GFP ([@bb0790]), nattokinase ([@bb0125]) and hydantoinase ([@bb0120]) with high yield and purity.

### 3.4.3. Elastin-like polypeptides (ELPs) {#s0095}

Elastin-like polypeptides (ELPs) are composed by repetitions of the pentapeptide VPG*XG* (where X is any amino acid, with the exception of proline) and undergo a reversible phase transition under a certain temperature, which is designated as lower critical solution temperature (LCST), also known as inverse transition temperature (Tt). Below transition temperature (Tt), ELPs are highly water soluble whereas at temperatures higher than Tt, they aggregate and become insoluble ([@bb0245], [@bb0355], [@bb0700]). Due to their unique properties, ELPs have been used as tags, and therefore successfully employed on purification of recombinant fusion proteins ([@bb0025], [@bb0700]). The purification of ELP fusion proteins can be carried out through a simple method termed inverse transition cycling (ITC), which allows the purification of fusion proteins by cycling the crude lysate through the insoluble and soluble phases ([@bb0355]). Factors such as higher ionic strength, polymer concentration and length can decrease LCST as well as significant hydrophobic surface areas on the target protein. On the other hand, a higher charged surface area can increase LCST ([@bb0350]).

The ITC method ([Fig. 2](#f0010){ref-type="fig"}) is an alternative strategy for the purification of recombinant proteins without the use of chromatographic resins ([@bb0700]). This simple strategy comprises cycles of "hot spin" and "cold spin", differing mainly in the temperature at which the centrifugation step is performed. The "hot spin" is related to the centrifugation step performed after the aggregation of ELP fusion proteins from cell lysate. Aggregation can be triggered by an increase of temperature above Tt or an increase of salt concentration to decrease Tt; the increase of salt concentration is usually preferred due to protein denaturation. This step allows the separation of soluble host protein contaminants and recovery of the pellet containing the insoluble ELP fusion protein which is further used on the following step termed "cold spin". This step consists of the transition of the ELP fusion proteins to a soluble form by dissolving the pellet at low temperature and ionic strength buffer so that the insoluble contaminants can be further removed by centrifugation. The supernatant will contain the purified ELP fusion protein ([@bb0350], [@bb0355]). The number of ITC rounds depends on the properties of the target protein and final purity desired. This sample methodology has been already extended for the purification of several recombinant proteins ([Table 3](#t0015){ref-type="table"} ).Table 3Purification of Elastin-like polypeptides (ELP) fusion proteins by inverse transition cycling (ITC). The "Target protein" is a representative case and the reference listed is for the example target protein.TagELPYield (%)Purity (%)*n* ITC roundT~t~ (°C)Representative Target ProteinReferenceElastin-like polypeptides (ELP)V~5-~7867na225Organophosphorus hydrolase (OPH)[@bb0885]V~5~A~2~G~3~-9080na225Chloramphenicol acetyltransferase (CAT)[@bb0985]V~5~A~2~G~3~-9075na125Blue fluorescent protein (BFP)[@bb0985]V~5~A~2~G~3~-90nana625Calmodulin (CalM)[@bb0985]V~5~A~2~G~3~-9075na125Thioredoxin (Trx)[@bb0985]V~5~A~2~G~3~-9075na245Green fluorescent protein (GFP)[@bb0135]V~5~-4098na117Levansucrase.[@bb0445]V~5~A~2~G~3~-11018nana25β-Lactamase[@bb0250]V~5~-809095137β-Galactosidase[@bb1095](KV~7~F)~36~50953--442Trx[@bb0575]

### 3.4.4. Hydrophobin {#s0100}

Hydrophobins are small surface proteins (7--12 KDa) enrolled in numerous functions on filamentous fungi life cycle. The unique properties of these small proteins are related to their amphiphilic nature and self-assembly capacity ([@bb0725]). There are two classes (I and II) of hydrophobins differing on the solubility of the formed aggregates and the amino acid composition. The hydrophobin classes I and II do not present as much identity in terms of amino acid composition but present the same pattern of eight conserved cysteine residues ([@bb0590]). In terms of aggregates solubility, class I forms more stable aggregates than class II and therefore, in the first case, the aggregates are only able to dissociate under the presence of strong conditions (*e.g.* formic acid and trifluoroacetic acid) whilst the aggregates formed by class II hydrophobins are much easier to dissolve with aqueous diluted organic solvents ([@bb0595], [@bb0725]).

Hydrophobins class II HFBI and HFBII from *Trichoderma reesei* have been the most exploited hydrophobin. This hydrophobin fusion technology can simultaneously improve the yield of recombinant protein production by protein body formation in filamentous fungi, and allow subsequent protein recovery by simple methods as ATPS. The protein bodies were found to enhance the accumulation of soluble protein, and to stabilize the storage of large amounts of recombinant protein. The formation of protein bodies also presents other advantages such as protection of fusion proteins from proteolysis degradation and possible toxic effects resultant from the accumulation of the target protein. The hydrophobin fusion technology has been reported in literature as a strategy for GFP purification by ATPS with selective recovery up to 91% ([@bb0435], [@bb0725]).

### 3.4.5. γ-zein (ZERA) {#s0105}

The γ-zein is a 27 kDa maize storage protein composed of a signal peptide, a N-terminal proline-rich sequence (PPPVHL)~8~, a Pro-X motif and a hydrophobic cystein rich domain ([@bb0635]). The N-terminal of γ-zein that comprises the repeat domain (PPPVHL)~8~ and Pro-X motif is also referred to as ZERA, presented to be sufficient to self-assemble and then induce the formation of protein bodies, which are natural endoplasmic reticulum (ER) derived organelles in the maize seed and which provide great stability to accumulated proteins ([@bb0485], [@bb0635]). ZERA has been exploited as a fusion partner for the production of fusion proteins as well as for protein body inducer in order to facilitate further steps of purification ([@bb0980]). This strategy was extended not only to plant based hosts but also in eukaryotic hosts (mammalian and insect cells or filamentous fungi). By taking advantage of the PB properties such as high density, the protein can be easily recovered by density. Examples of this include human growth hormone ([@bb0635]) and enhanced cyan fluorescent protein ([@bb0980]).

4. Alternative schemes for tag removal {#s0110}
======================================

For most applications, affinity tags are innocuous and do not interfere with the structure and biological function of the target protein. However, for therapeutic proteins there is a demand for tag cleavage to avoid immunological responses and to guarantee authenticity of the protein structure. The removal of the affinity tag can be performed by enzymatic cleavage or harsh chemical treatments and has been extensively reviewed ([@bb0020], [@bb0360], [@bb0950], [@bb1040]). Chemical cleavage methods mostly used involve cyanogen bromide or hydroxylamine treatments, which are an inexpensive option but with low specificity and stringent conditions detrimental to the protein. Therefore, enzymatic methods are usually preferred as they operate under milder conditions and present higher selectivity as endoproteases recognize specific amino acid sequences or motifs. The main endoproteases used for tag removal comprise enterokinase ([@bb0130]), tobacco etch virus (TEV) ([@bb0190]) Factor Xa ([@bb0430]), thrombin ([@bb0105], [@bb0430]) and SUMO protease ([@bb0550]). An attractive feature of enterokinase and factor Xa is that after cleavage there is no additional amino acid residues on the protein structure, contributing to an intact end product ([@bb0130], [@bb0360], [@bb0430]). The main limitations in the use of proteases are related to the tag incompatibility under certain cleavage conditions (*e.g.* buffers, temperature), thus influencing its operation, and accessibility to the cleavage site ([@bb1040]). The high costs associated with proteases limit the scalability of the purification process ([@bb0255]). Strategies on the reusability of these proteases without efficiency loss have been studied, as recently reported for the immobilization of enterokinase onto magnetic supports ([@bb0855]).

On the same basis, alternative strategies have been exploited to overcome the traditional tag cleavage methods. Self-cleaving tags have emerged as an alternative strategy for tag removal as they possess inducible proteolytic activity, thus representing an extremely interesting class of affinity tags ([@bb0255], [@bb0565]). When combining with a purification tag, the recombinant proteins can be purified with the successive tag removal in a single step. Moreover, the use of self-cleaving tags can simplify the entire process at reduced costs, considering that the use of additional steps is not required for the separation of the target protein from the protease and the affinity tag ([@bb1030]).

The intein-based system is a well-established example where purified fusion protein cleavage can be induced by thiols such as β-mercaptoethanol or 1,4-dithiothreitol (DTT), or by a shift in pH or temperature ([@bb0255], [@bb0565]). The pH-induced inteins are usually fused on C-terminal and are preferred in terms of costs and minor interference with the target protein over the N-or C-terminal thiol-induced intein. This is related to the fact that the presence of thiol groups can disrupt disulfide bonds and therefore confine the purification of the target protein ([@bb0255]). The pH-induced inteins combined with ELPs have been involved on a non-chromatographic purification scheme of several proteins, among them GFP ([@bb1070]), β-lactamase ([@bb0880]) and chloramphenicol acetyl transferase (CAT) ([@bb0605]) with further tag removal under mild conditions with a pH shift for 6.0--6.5. Apart from ELPs, the pH-induced inteins were also fused to chitin binding domain (CBD) for standard affinity chromatography purification *via* intein-mediated cleavage under the same mild conditions. This strategy has been employed for different proteins such as human antibody fragments, *E. coli* maltose binding protein ([@bb1075]) and human epidermal growth factor ([@bb0220]). On the other hand, examples of thiol-induced inteins have been reported in the literature as fusion partners of oleosin for purification and removal of xyalanase ([@bb0610]) and hydantoinase ([@bb0125]). The oleosin fusion proteins were purified through AOB and then released from oleosin by using 40 μM DTT.

Intein-based protocols are compatible with several expression hosts (*e.g.* yeast, insect cells, mammalian cells and bacterial), but premature cleaving can occur during expression, lowering the yield of the target protein ([@bb0255]). The potential for scale-up is limited in thiol-induced inteins due to the higher costs of reagents required for tag cleavage. Other self-cleaving tags such as sortase A (SrtA), N-terminal protease (N^pro^), FrpC module and cysteine protease domain (CPD) have been exploited as alternative strategies for tag removal but with less implementation ([@bb0255], [@bb0565]).

5. Concluding remarks and future trends {#s0115}
=======================================

Nowadays there is still a demand to develop processes for recombinant protein purification that can combine selectivity with affordable prices. Affinity chromatography is the most frequent choice for protein purification; however this technique is dependent on the adsorbents\' availability for each particular target protein. Within the range of available ligands for affinity chromatography separations, those of biological origin are still the preferred option due to the high selectivity. Structural ligands are produced at low cost but the conditions for their use need to be optimised for each case due to the lack of specificity, often resulting in purification protocols with multiple steps. Synthetic ligands raised to overcome the high costs associated with biological ligands and the lack of selectivity of structural ligands have been so far tailor-made to very specific high value proteins. As each protein presents different biochemical and physical properties, the use of affinity pairs "tag-ligand" emerged as a universal purification strategy.

Currently there is a wide range of affinity "tag-ligand" pairs that can be used for the production and purification of fusion proteins. Commercial purification supports possess either biological or structural ligands and are presented in [Table 4](#t0020){ref-type="table"}, [Table 5](#t0025){ref-type="table"} , respectively. The choice of the affinity tag should take into account the target protein, the host and production conditions, as well as the respective binding partner.Table 4Examples of commercially available affinity tags and respective purification supports based on biological ligands.Biological ligandsAffinity solid support and supplierAffinity tagCapacity (mg/ml)Peptides and proteins BGlutathione sepharose (GE Healthcare)\
Glutathione superflow (Clontech)\
Glutathione HiCap matrix (Qiagen)\
Pierce glutathione agarose/magnetic beads (Thermo Scientific)\
Glutathione agarose and magnetic agarose beads(Sigma)GST tag10\
10\
20\
40/5--10\
5--10/15Calmodulin resin (VWR)\
MagneZoom™---CAM (bioWorld)\
Calmodulin resin (G Biosciences)CBP3\
na\
3S protein Agarose (Novagen-EMD Millipore)S-tagna*Strep*Tactin™ (GE Healthcare)\
*Strep*-Tactin superflow/magnetic beads (Qiagen)\
*Strep*-Tactin superflow (Novagen-EMD Millipore)Strep-tag II6\
9/0.3\
3IgG agarose (GE Healthcare)\
IgG agarose (Sigma)Protein\
A/G tag2\
1Anti-FLAG M1, M2 resin (Sigma-Aldrich)\
Anti-FLAG antibody agarose/magnetic beads (Clontech)Flag-tag0.6\
na/1.3EZview™ red Anti-myc resin (Sigma)\
Anti-c-myc agarose (Sigma-Aldrich)\
Anti c-myc antibody agarose (Clontech)\
Anti-Myc-tag mAb-magnetic beads (MBL)\
Pierce c-myc-Tag IP (Thermo Scientific)c-myc tag0.05\
0.2\
0.5\
na\
naT7 Tag® antibody agarose (EMD Millipore)\
T7 tag antibody agarose (Genetex)\
Anti-T7 tag® antibody agarose (Abcam)T7-tag0.3\
0.5\
naPierce Anti-HA agarose (Thermo Scientific)\
Pierce Anti-HA magnetic beads (Thermo Scientific)\
Ezview™ anti-HÁ affinity gel (Sigma)\
Anti-HÁ affinity matrix (3F10) (Roche)\
Anti-HA-tag mAb-magnetic beads (MBL)HA tag150 nmol/ml\
10 μg/mg\
0.4\
9 nmol/ml\
naSoftag immune affinity resin (Neoclone)Softag\
1/2/30.3CarbohydratesAmylose resin/magnetic beads (New England Biolabs)MBP7--10/0.01Cellulose (Sigma)Cellulose binding domain15Chitin agarose (New England Biolabs)Chitin binding domain3[^3]Table 5Examples of commercially available affinity tags and respective purification supports based on structural ligands.Structural ligandsAffinity solid support and supplierAffinity tagCapacity (mg/ml)Metal chelateNi-sepharose high performance (GE Healthcare)\
His Mag sepharose (GE Healthcare)\
TALON® superflow™ (GE Healthcare)\
HisPur Ni-NTA resin/magnetic beads (Thermo Scientific)\
HisPur cobalt superflow agarose (Thermo Scientific)\
His60 Ni resin/magnetic beads (Clontech)\
TALON® resin/magnetic beads (Clontech)\
Ni-NTA agarose (Invitrogen)\
Dynabeads® His-Tag (Invitrogen)\
NTA-Agarose/Magnetic Agarose Beads (Qiagen)\
Profinity™ IMAC Nickel Charged resin (BIORAD)\
IMAC HyperCel™ (PALL)His-tag40\
50\
20\
20/0.5\
20\
60/n.a\
5--18/n.a\
5--10\
0.04\
50/2\
15\
naTALLON® metal affinity resin (Clontech)HAT tag18Ion-exchange (IEX)Anion or cation exchange resins (several sources)Charged peptides50--120CovalentHaloLink™ (Promega)Halo tag7[^4]

Unconventional fusion partners have emerged as promising affinity tags, which due to their unique properties of hydrophobicity and self-assembly do not require chromatographic methods for the selective protein recovery. Non-chromatographic affinity tags are attractive choices as they can easily overcome the drawbacks associated with the affinity tag and therefore present high potential as large-scale purification platforms. However, the main limitation of unconventional fusion partners is the low purity of the recovered target protein when compared with the standard affinity tags commonly employed.

The application of genetically encoded tags for the affinity purification of recombinant protein is mostly in manufacturing and research. In manufacturing tag strategies are most applicable to situations where the purity of the target protein is less strict as it is the case for industrial enzymes.

When considering therapeutic proteins, the use of affinity pairs is not the preferred choice due to the need to strictly control the presence of the tag in the final product. Moreover, the additional steps of tag removal and further purification contribute to higher associated costs and low yields.

Therefore, the use of affinity pairs has a higher impact on research rather than manufacturing as their use is often employed in a wide range of applications within the scientific community being used not only for purification processes. These applications are related to protein--protein interaction studies in cell signaling, protein immobilization based strategies for sensing and diagnostics, protein labelling and cell imaging. Genetically encoded affinity tags were initially developed to provide universal strategies for recombinant protein purification that could be "protein-independent". However, time has shown that there is no ideal affinity pair that can be applied to all proteins---the choice of the right tag-ligand (or combinations thereof) is often dependent on the protein\'s properties and final application as well as the production host.
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[^1]: ^1^ Yield---Recovery of pure protein; ^2^ Purity---The purity of eluted proteins was evaluated by SDS-PAGE electrophoresis; GST---Gluthatione-S-transferase; CBP---calmodulin binding peptide; SPB---strepdavidin-binding peptide; IgG---immunoglobulin G; HSA---human serum albumin; HA---hemaglutinin antigen; MPB---maltose binding protein.

[^2]: ^1^ Yield---Recovery of pure protein; ^2^ Purity---The purity of eluted proteins was evaluated by SDS-PAGE electrophoresis.

[^3]: na---data not available.

[^4]: na---data not available.
